Weathering and suspended matter fluxes of the Langtang Narayani river system in central Nepal Himalaya have been investigated at 16 stations for one year, based on monthly water sampling in the lower reaches and bi-monthly in higher elevation areas, to determine temporal variations of weathering fluxes along an elevation profile between 169 and 3989 m asl. Results indicate that the lower reaches are the dominant places of weathering in the system. The sum of major base cation fluxes is 2.9 to 9.2 higher during the monsoon season compared to the pre-monsoon season. Alkalinity and sea-salt corrected sulfate were the dominant anions (97%). The lowest downstream location exports 1611 tons km À2 yr À1 suspended sediment, 78.56 tons km À2 yr À1 of major cations (Na + K + Mg + Ca), 12.72 tons km À2 yr À1 of silica (4-fold higher than at the middle reaches of the basin), and 1.9 Â 10 6 mol km À2 yr À1 of dissolved inorganic carbon (8.9-fold higher than at the middle reaches). Nitrogen and phosphorus concentrations are low in general and dissolved organic carbon export is within expected ranges. River water pCO 2 values are low in general, with exception of those main stem reaches where tributaries with relevant pyrite oxidation processes, and lower pH, alter the pattern locally. Element ratios suggest seasonal shifts in the weathering flux generation, modulated by the monsoon system. During the peak of the monsoon season the most relevant weathering products alkalinity, * SO 4 , * Ca and * Mg were not diluted, and increased concentrations observed at the lower reaches suggests an enhanced mobilization during this period of the year. Carbonate weathering exceeds silicate weathering along the drainage network and the carbonate-to silicate-cation mol ratio is 3.5 at the outlet. Sulfide oxidation probably enhances weathering rates besides the control of the soil-rock partial pressure of CO 2 . The ratio of the total alkalinity flux to sea-salt corrected sulfate equivalent flux at the base of the Himalaya at Narayanghat was 5.7. Sea-salt corrected sulfate equivalent export is about the same as the silicate cation-equivalent flux that leaves the system (98%). Therefore, further research on sulfur isotopes might be helpful to support the hypothesis that pyrite oxidation compensates for the idealized CO 2 -consumption by silicate weathering in the studied area.
INTRODUCTION
Chemical weathering is an integral part of the rock and carbon cycle, resulting in dissolved ions and secondary minerals being transported by rivers to the ocean. Anderson et al. (2004) chemical, biological, and physical processes. Long-term rapid uplift and erosion can be driven by plate tectonic processes, causing recycling of rocks within a basin and elevated denudation rates (Stallard, 2000) .
There have been numerous studies in the field of geochemistry of river systems after the early works of Roth (1878 Roth ( , 1879 Roth ( , 1893 and Mackenzie (1967, 1971) , highlighting the relevance of weathering and landocean matter fluxes in the Earth system. Studies include those of the world's largest river systems resulting in flux baselines, variability, and identification of controls (Meybeck, 1982 (Meybeck, , 1987 Hu et al., 1982; Stallard and Edmond, 1983; Sarin et al., 1989; Degens et al., 1991; White and Blum, 1995; Gaillardet et al., 1999; Galy and France-Lanord, 1999; Singh et al., 2005; Hartmann et al., 2007) . Moreover, global compilations of river chemistry data are now available (Hartmann et al., 2014) .
Himalayan river systems have received much attention in recent decades due to the proposed connection between tectonic uplift in the region and global climate cooling caused by consuming atmospheric CO 2 through enhanced weathering rates (Raymo and Ruddiman, 1992; Edmond and Huh, 1997) . However, recent studies suggest that chemical weathering in the Himalayan region itself represents a small fraction of weathering CO 2 consumption globally and thus may not have been able to contribute to global cooling in the Cenozoic (Galy and France-Lanord, 1999; France-Lanord et al., 2003; Wolff-Boenisch et al., 2009) . Recent work on flood plain weathering below the Himalaya front suggests that the flood plains are a dominant location of silicate weathering of detrital material originating from the Himalaya (Lupker et al., 2012) . Bickle et al. (2018) reported that chemical weathering fluxes in the flood plain area exceeds chemical weathering fluxes from the Himalayas.
Variation in chemical composition of river water along Himalayan river systems due to change in land use patterns and geomorphology have been observed and the role of runoff and physical erosion evaluated (France-Lanord et al., 2003; Singh et al., 2005; Bhatt et al., 2009) . Gaillardet et al. (1999) estimated that 8.7 Â 10 12 mol yr À1 CO 2 are consumed globally by silicate weathering, while only 75 to 130 Â 10 9 mol yr À1 CO 2 is consumed by silicate weathering in the Himalayan region of the Ganga basin. This latter estimate uses the value 0.4 to 0.7 Â 10 6 mol km À2 yr À1 from Dalai et al. (2002) and a basin area of 187 Â 10 3 km 2 from Galy and France-Lanord (1999) . An estimated range of 0.2 to 0.3 Â 10 6 mol km À2 yr À1 of consumed CO 2 by silicate weathering in Himalayan catchments (France-Lanord et al., 2003) is comparable to that of granitic basins (c.f. data in White and Blum, 1995; Oliva et al., 2003) but lower than that of basalt dominated basins in humid environments (Dessert et al., 2003; Bö rker et al., 2018) . Similar CO 2 consumption rates by silicate weathering have been reported for the eastern Himalaya and Nepalese High Himalayan catchments (France-Lanord et al., 2003; Singh et al., 2005; Wolff-Boenisch et al., 2009) .
Sulfide oxidation, often coupled with carbonate dissolution, influences the flux of dissolved inorganic carbon (DIC) in subglacial drainage systems within the Himalayan region and elsewhere (Tranter and Raiswell, 1991; Tranter et al., 1993; Galy and France-Lanord, 1999; Hasnain and Thayyen, 1999; Bhatt et al., 2000; Millot et al., 2003; Bhatt et al., 2009; Wolff-Boenisch et al., 2009; Bhatt et al., 2016; Torres et al., 2017) . Sulphur oxidation may also be a relevant long-term source of CO 2 to the atmosphereocean system over long geological time scales (Torres et al., 2014) .
Elements released along the central Himalayan river system result mainly from the dissolution of carbonate and silicate minerals (Galy and France-Lanord, 1999 ). Silicate weathering rates within the Himalayan landscape are also controlled by climatic related factors with considerable seasonality, such as runoff, as well as physical erosion (FranceLanord et al., 2003; West et al., 2005; Barnard et al., 2006; Tipper et al., 2006; Wolff-Boenisch et al., 2009 ). However, the monsoon effect on the chemistry of the waters draining a larger river basin from the glacial areas to the flood plains has not been studied using monthly sampling. The role of seasonality on the annual weathering fluxes across whole elevation transects in the Himalaya remains an open question.
For this purpose, we conducted this study along the Langtang -Narayani river system in central Nepal, to evaluate: (1) seasonal variations of surface water chemistry and fluxes of chemical species, (2) elevation variability of surface water chemistry in the context of factors that control chemical weathering rates, and (3) DIC fluxes and partial pressure of carbon dioxide (pCO 2 ) concentrations. This study uses data from monthly sampling at seven locations in the lower river reaches and bimonthly samples at nine locations in the high elevation areas along the LangtangNarayani River. Importantly, the study was conducted before a major earthquake (7.8 magnitude) hit Nepal on April 25, 2015, causing at least 25,000 landslides throughout the central Himalayan Mountains in Nepal with more than half of the landslide volume directly connected to river channels (Roback et al., 2018) . Therefore, results from our study offer a baseline prior to the reported landscape changes, including landslides and potential changes in hydrology. Future studies could then be used to examine to what extent earthquake activities are coupled to the long-term sediment budget and geochemical cycling in the Himalaya.
STUDY AREA

Site description
Located in the southern front of the Great Himalaya, the upper high Himalaya Langtang Lirung glacier (28°13 0 01.9 00 N, 85°33 0 42.0 00 E) is the headwater area of the Langtang-Narayani river system, reaching 7,234 m asl at its highest point. Ohata et al. (1987) reported that only 38.14% of the Langtang glacier head watershed (which is 333 km 2 ) was covered with glaciers at the time. The Trishuli basin is one of the major tributaries in the middle section of the Langtang-Narayani river system with a catchment area of 4,640 km 2 . Downstream, the lower Narayani river at Narayanghat (27°41 0 58.1 00 N, 84°25 0 17.6 00 E) is in the southern part of the Terai flood plain area in central Nepal (Fig. 1) . In total, the Narayani river system has a basin area of 31,795 km 2 . It is one of the major tributaries of the Ganga River, merging with it in India and ultimately entering the Bay of Bengal. Sampling was carried at different transects from the High Himalaya Langtang Lirung outlet point to the base of the Himalaya downstream at Narayanghat ( Fig. 1 and Table 1 ).
Climate, terrain slope, soil, and vegetation vary widely along the Langtang-Narayani river system. Soil depth increases with decreasing elevation along the LangtangNarayani river system. Vegetation ranges from subtropical forest, at low elevation area, to coniferous forest at higher elevations below the tree line, and negligible cover at high-altitude where the landscape consists of bare rock and talus with thin soils. At this high elevation, there is little Fig. 1 . Generalized geological map of Langtang Narayani river system in central Nepal with the sample locations represented by closed circles and labeled according to the inset. Table 1 provides longitude, latitude and elevation information. River discharge data was available for stations Q1 (LNS-1, Narayani river at Narayanghat), Q2 (LNS-4, Trishuli river at Betrawati), and Q3 (LNS-7, Langtang river at Syabrubensi), which are representative of low elevation, Siwaliks and Middle Mountain respectively. human influence due to seasonal settlement supported by subsistence farming and grazing by yaks and sheep. Agricultural activities may have partial impacts on water quality particularly by addition of nitrate, sulfate, and phosphate, occurring from the Middle Mountain areas to the lower Terai region.
Geologic setting
Geologically, the Himalayan basin is divided into four units from north to south separated by major thrust systems: the Tethyan Sedimentary Series (TSS), the High Himalaya Crystalline (HHC), the Lesser Himalaya (LH), and the Siwaliks (Gansser, 1964; France-Lanord et al., 2003) . The headwater Langtang Lirung area lies in a complex transition zone between the HHC meta-sediments in the south and TSS in the north. Primarily, the Langtang watershed is underlain by high-grade metamorphic rocks with traces of igneous rocks, including migmatites, gneisses, schists, phyllites and granites (Inger and Harris, 1992) . Based on X-ray fluorescence analysis of rock samples from the debris area of the Langtang Lirung Glacier (Bhatt et al., 2008) , the bedrock consists of biotite, quartz, plagioclase with minor amount of muscovite, alkali feldspar, ilmenite and sillimanite. Biotite, quartz and plagioclase are the dominant silicates in the bedrock with lesser amounts of muscovite, alkali feldspar, ilmenite and sillimanite in the Himalayan region. In the high mountain region of central Nepal Himalaya, the major rocks are grey phyllites and grilstones with conglomerates and white massive quartzites, basic intrusion, grey calcareous slates and carbonates, as well as thick beds of grey siliceous dolomites (DMG, 1980 (DMG, , 1994 . Cryothents, cryumbrepts, and lithic types of soils are dominant in the high elevation area of Langtang valley (SD, 1984) .
The lesser Himalaya is composed of variable metamorphosed Precambrian sediments with quartzo-peltic schists, quartzites, and dolomitic carbonates (Gansser, 1964; Galy and France-Lanord, 1999) . White massive fine to medium grained quartzites, green phyllites, basic intrusion, grey limestones and dolomites with thin intercalations of grey sales, white pink dolomitic limestones, purple quartzites and green shales are found in the middle mountain area (elevation range $1,500-2,700 m asl) of central Nepal (DMG, 1980 (DMG, , 1994 . Dominant soil types found in the central middle mountain region of Nepal include ustifluvents, eutrochepts, dystrochrepts, hoplumbrepts, lithic subgroups of eutrochepts and ustorthents, and ustorthents (SD, 1984) .
In the southernmost part of the range, the geology consists of the recently uplifted Siwaliks, formed from MioPliocene derail sediments accumulated in the previous Gangetic plain (Galy and France-Lanord, 1999; FranceLanord et al., 2003) . Calcareous quartzites, limestones, black dark grey to greenish grey shales with intercalation of limestones and quartzites, coarse-grained sandstones, dark grey clays, silty sandstones to conglomerates are found in the low elevation Siwalik and Terai region of central Nepal (DMG, 1980 (DMG, , 1994 . Dominant soil types in these low elevation areas are ustorthents, psamments, ustifluvents, fluvaquents, haplaquepts and halustolls (SD, 1984). The presence of sulfide bearing minerals such as pyrite, galena, sphalerite and pchalco pyrite enhance the dissolution rates of minerals within the basin .
Drainage basins by physiography
Nepal is divided into five physiographic divisions: Terai, Siwaliks, Middle Mountains, High Mountains, and High Himalayas (Kansakar et al., 2004; WWF Nepal, 2005) . Elevation ranges for these five divisions are not very precise but we can approximately consider Terai being lower than 300 m, Siwaliks from 300 to 1,500 m, Middle Mountain from 1,500 to 2,700 m, High Mountain from 2,700 to 4,000 m, and the High Himalaya from 4,000 to 8,848 m. However, the Survey Department, SD (1983) considers Siwaliks from 300 to 700 m, Middle Mountain from 700 to 2,000 m, High Mountain 2,000 to 2,500 m, and HighHimalaya from 2,500 to 8,848 m. Due to wide variation in elevation with these physiographic divisions, there is wide variation in temperature, precipitation, runoff, physical erosion, vegetation and geology.
The High Himalaya region is home to eight of the world's highest mountains and the deepest gorge (5,791 m in the Kali Gandhaki) (WWF Nepal, 2005) . Cool temperate climate and subalpine vegetation characterize the High Mountain region. Generally, soils in this region are young and thin, with a shallow regolith. In contrast, a deeper regolith occurs in the low elevation region where soils are older, thicker, more clayey, wetter and rich in organic matter.
Zonal movement of the summer monsoon, physiographic variation, and mountain relief exert control of precipitation patterns in Nepal (Kansakar et al., 2004) . There was extensive deforestation in the lowland Terai and Siwalik regions in the past, and therefore landslides occur frequently in this region contributing large amounts of sediment transported through the river systems of these low elevation regions (WWF Nepal, 2005) .
In addition to increased river discharge towards low elevation due to contribution from tributaries, precipitation varies widely along the drainage basin causing discharge variations at different transects of the basin (refer to Section 4.3). Furthermore, groundwater storage plays a major role in low elevation regions (Andermann et al., 2012) . Seasonally, the highest discharge occurs during monsoon months (June to September), followed by the postmonsoon months (October to January) and least during the pre-monsoon months (February to May). In this work, we will follow this seasonal classification for the purpose of analysis.
MATERIALS AND METHODS
Sample collection
Surface water (including glacial melt water) sampling was carried out from the Lirung outlet point within the Langtang valley to Narayanghat at varying elevations (169-3,989 m asl) by selecting sixteen stations (LNS-1 to LNS-16) in this transect (Table 1) . Water temperature (WT), electrical conductivity (EC) and pH were measured in the field by thermometer, EC meter (JENWAY EC-4200) and pH meter (TECPEL pH-873) respectively. The pH meter was calibrated every time before its use and after every five samples if the sample frequency was high. Water samples were analyzed for suspended sediments (SS), dissolved organic carbon (DOC), total dissolved nitrogen (TDN), dissolved silica (SiO 2 ), and major ions. Measurements and samples were taken from November 2010 to November 2011, except December 2010, on monthly basis or bimonthly basis depending on the variable measured and sampling station (Table 2) .
Each water sample was filtered through a pre-combusted glass microfiber filter (Whatmann GF/F) with a pore size 0.45 mm for the DOC samples and polycarbonate microfiber filter with a pore size of 0.45 mm for the major ions and dissolved silica analysis. Samples were collected in 100 mL acid washed polyethylene bottles, kept refrigerated in Kathmandu, and sent with ice packs to the Institute for Biogeochemistry and Marine Chemistry of the Universität Hamburg (now Institute for Geology) for analysis. The DOC samples were taken in 30 mL glass vials in which 30 ml of phosphoric acid was added just after the filtration in the field. Pre-weighted filter papers were used to measure SS in each sample.
Analytical methods
The gravimetric method was used to measure SS on 47 mm GF/F and polycarbonate microfiber filter after drying in a vacuum oven at 40°C for 48hr; the detection limit for SS was 1 mg L
À1
. Alkalinity was estimated using a charge balance. Dissolved silica was analyzed with a DR 3800 spectrophotometer (HACH Company) using the standard molybdenum blue 8185 method.
Major and <5% for PO 4 -P. The precision was better than 5% and each sample was measured three times with reproducibility between 95 and 99%. We report SO 4 2À as sulfate measured directly by chromatography and not as sulfur.
High temperature Pt-catalyzed combustion, by Shimazdu TOC-V CSH with a total-nitrogen measuring unit, was used to measure TDN and DOC. The dissolved inorganic carbon species including pCO 2 were calculated for a base elevation scenario for comparability using water temperature, pH, alkalinity, dissolved silica and major ions with the program PhreeqC V2 (Parkhurst and Appelo, 1999) .
Silicate and carbonate weathering contributions
Chemical mass of the elements in a river system originates mainly from chemical weathering of minerals, atmospheric input or cyclic salt, and anthropogenic input. The contribution of silicate and carbonate weathering was estimated based on the approach of Galy and FranceLanord (1999) . For these relatively pristine Himalayan river systems, we considered anthropogenic sources as negligible and thus the concentration of an element [X] is estimated as
where the subscripts c and w stand for cyclic and weathering contributions respectively. Sea-salt inputs to surface waters are estimated using molar ratios of elements found in seawater (Keene et al., 1986; McDowell et al., 1990; Millot et al., 2002; Bhatt and McDowell, 2007) . River-water chloride concentration was used as a reference species to correct the contribution of sea-salt in surface waters for Na, K, Mg, Ca and SO 4 . We subtracted sea-salt concentration from total measured concentration of the concerned element, using chloridenormalized ratios 0.8621, 0.0188, 0.1958, 0.0378, and 0.1043 for sodium, potassium, magnesium, calcium and sulfate, respectively (Keene et al., 1986) . The sea-salt corrected concentration of each chemical species is represented with an asterisk
Input of major base cations due to chemical weathering comes primarily from weathering of carbonates and silicates within the Himalayan basin. Thus, after cyclic salt correction, the contribution of major base cations is
where the subscripts car and sil stand for carbonate and silicate weathering respectively. We assume that the contribution of sodium and potassium after cyclic salt correction is from silicate dissolutions only as there is no contribution of these elements from carbonate dissolution. The contribution of evaporites to sodium weathering fluxes is assumed negligible for this basin. Thus, we can write
Galy and France Lanord (1999) estimated the magnesium contribution from silicate weathering by multiplying the ratio of magnesium to potassium (0.5 ± 0.25) with the cyclic salt-corrected potassium concentration. Our concentration data show a high variability with a skewed distribution because of the influence of seasonality. At three sites, LNS-1, LNS-4, and LNS-7 we had data on water flow (see Section 3.5 below) allowing us to calculate flux. These stations are denoted Q1, Q2, and Q3 respectively. For all three sites with discharge measurements, the contribution of Mg to the total silicate weathering fluxes ( * Sbcat sil ) is relatively low (at LNS-1, the lowest monitoring location where the contribution is highest has a median of 15.5% and 95%-percentile of 25.6%). Whereas the Na plus K contribution to total silicate weathering ( * Sbcat sil ) is much higher (at LNS-1 the median contribution is 75.6%, and the 95% percentile 79.3%). The first quartile, median, and third quartile Mg concentration at Narayanghat (LNS-1, Q1) originating from silicate weathering is 29.0, 38.5 and 57.0 (in mmol L À1 ), at Betrawati (LNS-4, Q2) 16.5, 25.0 and 32.8, and at Syabrubenshi (LNS-7, Q3) 14.6, 18.3 and 23.1, respectively. Table 2 Months sampled by station for groups of variables (x = WT and pH), (y = SS, SiO 2 , and major ions), and (z = DOC and TDN). Also shown are total n of values available for analysis by month (nx, ny, and nz) and by station (mx, my, and mz). An x, y or z entry indicates that the variable of that group was sampled for that month and that station. EC is not shown and was sampled only on October 2011 from LNS-4 to LNS-16, and November 2011 from LNS-4 to LNS-7. LNS-1 x,y,z x,y x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z 11 11 10 LNS-2 x,y,z x,y x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z 11 11 10 LNS-3
x,y,z x,y x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z 11 11 10 LNS-4
x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z 12 12 12 LNS-5
x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z 12 12 12 LNS-6
x,y x,y x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z 12 12 10 LNS-7
x,y x,y x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z x,y,z 12 12 10 LNS-8
x,y,z y,z y,z y,z y,z y,z y,z 2 7 7 LNS-9
x,y,z y,z y,z y,z y,z y,z y,z 2 7 7 LNS-10 x,y,z y,z y,z y,z y,z y,z y,z 2 7 7 LNS-11
x,y,z y,z y,z y,z y,z y,z y,z 2 7 7 LNS-12
x,y,z y,z y,z y,z y,z y,z y,z 2 7 7 LNS-13
x,y,z y,z y,z y,z y,z y,z y,z 2 7 7 LNS-14
x,y,z y,z y,z y,z y,z y,z y,z 2 7 7 LNS-15
x,y,z y y,z y,z y,z y,z y,z 2 7 6 LNS-16
x,y,z y y,z y,z y,z y,z y,z 2 
Total calcium concentration after cyclic salt correction from silicate weathering can be estimated by multiplying molar ratios of calcium to sodium (Ca/Na = 0.2 ± 0.02) by the sea-salt corrected sodium (Galy and France Lanord, 1999) . For all three sites with discharge measurements (where we can calculate flux), the calcium contribution to total silicate weathering ( * Sbcat sil ) is low (median 8.93% and 95%-percentile 12.6%, at LNS-1). The first quartile, median, and third quartile of Ca contribution to silicate weathering (in mmol L À1 ) is 12.5, 17.6, 69.2 at Narayanghat (LNS-1, Q1), 10.7, 17.6, 41.6 at Betrawati (LNS4, Q2), and 6.75, 10.8, 42.0 at Syabrubenshi (LNS7, Q3), respectively.
The geology of our study area is similar to the study area of Galy and France-Lanord (1999) and the Ca/Na average ratios of whole silicate rock composition of eroded formations within the High Himalaya region is in the range of 0.18 to 0.25 (Brouand, 1989 as cited in France-Lanord and Derry, 1997; Galy and France-Lanord, 1999). Therefore, we use
Now, the total silicate contribution is the sum of base cations ( * Sbcat sil ) from silicate weathering only
Magnesium and calcium contributions from carbonate weathering can be estimated by subtracting silicateweathering magnesium and calcium from total cyclic salt corrected magnesium and calcium respectively, therefore
Total carbonate contribution is the sum of base cations from carbonate weathering only, which, using Eqs. (8) and (9), can be rewritten as
In summary, we use Eqs. (7) and (10) to estimate the silicate and carbonate weathering contribution to the dissolved chemical species in the river water. To assess the propagation error due to the variability in the ratios Ca/Na = 0.2 ± 0.02 and Mg/K = 0.5 ± 0.25, we applied Monte Carlo resampling (Acevedo, 2013) by generating 1000 random samples of these ratios and calculating Ã Sbcat sil and Ã Sbcat car for each random sample. This allowed estimating the standard error of these values and their influence on subsequent calculations.
To be consistent with the literature, the concentration units were changed first into meq L À1 when correcting for cyclic salt inputs. Later we changed into molar units to make them comparable to silicate and carbonate contribution to total weathering. Finally, we estimated the contribution of each element in mol L À1 or mg L À1 as commonly reported in the literature.
Spatial and temporal variability
All measured physical and chemical variables were grouped by season (pre-monsoon, monsoon, postmonsoon). Their seasonal average and variability were then plotted as a function of elevation of the sixteen sampling stations (LNS-1 to LNS-16) to examine spatial variability. In order to study the temporal variability, we constructed complete time series for all measured water chemistry variables for the period November 2010 to November 2011. Because December 2010 was not sampled, the missing data were interpolated.
Hydrologic data and flux calculations
We examined river discharge data provided by the Department of Hydrology and Meteorology (DHM, 2008), Government of Nepal. As mentioned in Section 3.3, we used daily flow data from three locations (denoted here as Q1, Q2, and Q3) that corresponded to water chemistry stations LNS-1, LNS-4, and LNS-7 respectively. Of these, the highest location, Q3, is the Langtang River at Syabrubenshi, Middle Mountain (available data for 2010-2013). At intermediate altitude, the Q2 location is the Trishuli river at Betrawati (available data for 1983-2014), in the Siwaliks, and lastly at the base of the Himalaya, lower Terai plain, the location, Q1, is the Narayani river at Narayanghat (available data for 1963-2011) (Fig. 1) .
Flow data from November 2010 to November 2011 was selected in order to correspond to our water-sampling period. Flow in m 3 s À1 was normalized per unit of basin area (in km 2 ) and accumulated per year, to represent it as specific discharge or runoff q in m yr À1 . The catchment area of each station is 31,795 km 2 for Q1, 4,640 km 2 for Q2 and 583 km 2 for Q3. For these three sampling stations, we examined concentration vs discharge plots using q in log scale as the horizontal axis variable. For each watershed and solute, we estimated the solute production using the model of Maher and Chamberlain (2014) as discussed in Ibarra et al. (2016) 
where C is the solute concentration in mmol L À1 (measured), C max corresponds to the thermodynamic limit, estimated here to be the maximum concentration of a solute for each catchment, and D w is the Damkö hler coefficient in myr À1 (same units as runoff), which was estimated by non-linear regression using C and q data (Supplementary  information Tables S1, S3, S4 and S5) . For this purpose, we employed the nls-function of the program R (Acevedo, 2013; CRAN, 2018) . We wrote a function that finds the maximum value for each constituent, assigned this maximum to C max , calculated a first estimate for D w as the value of q for which the concentration attains C max =2, then used this first estimate as argument in the function nls. This function successively iterates the estimate to determine the value of the parameter value D w that produces the best fit by optimization.
In addition, we calculated area-normalized fluxes as the product of concentration (in mg L À1 for SS, DOC, TDN, and SiO 2 and mol L À1 for ions) and runoff in m yr
À1
. Thus, the area-normalized flux was expressed in t km À2 yr À1 for SS, DOC, TDN, and SiO 2 and mol km À2 yr À1 for ions. For brevity, hereafter we will simply use the term flux to refer to the area-normalized flux.
To calculate the total annual export, we used the annual average of the product daily water flow times the corresponding concentration values (interpolated in a few cases of missing data). The total cationic flux was calculated from the Sbcat flux, which is the sum of major cations concentrations before sea-salt correction. Then its annual value was denoted as cation export rate. These annual cation and silica loads were then compared with other world rivers.
We included flux calculations for silicate and carbonate weathering contributions Ã Sbcat sil and Ã Sbcat car . The cationic weathering flux after sea-salt correction was calculated as the flux of the sum of both Ã Sbcat ¼ Ã Sbcat sil þ Ã Sbcat car and then converted to annual cation denudation rate (CDR).
Finally, we use CDR to calculate W b D or also known as ''weathering advance rate of any scale" (Navarre-Sitchler and Brantley, 2007) using the equation
where W ), a is the ratio of base cations per g of parent rock, and / is porosity of parent material. The Langtang-Narayani river system is mostly underlain by metamorphic terrane so we used the average rock density (2.78 g/cm 3 ) for metamorphic terrane range from 2.7 to 2.86 g/cm 3 (Smithson, 1971) , and a = 0.15 and / = 0.1 as a first estimate for the region.
RESULTS
Water quality variables, SS, DOC, TDN, SiO 2 and major ions, were measured for most months over the study period for stations LNS-1 through LNS-7, but only bimonthly for the higher elevation sampling locations LNS-8 through LNS-16 (Table 2, Table 3 ). Concentrations of ammonium and phosphate were often below detection limit or negligible and were therefore excluded from further analysis.
The major cation and anion compositions followed in general the order Ca 2+ ) Mg 2+ > Na Table 3 Annual average of concentrations of major constituents along the Langtang Narayani river system in central Nepal. The standard deviations were calculated using n as given in Table 2 . The full data set is provided in a Supplement Excel Table. Sample Name concentrations, respectively. In addition, the contribution of marine aerosols varied little with elevation, except for sodium (Table S2) . After sea-salt correction, the sum of divalent ions (calcium and magnesium) accounts for 85% of the total sum of all major cations, on average, whereas the sum of monovalent ions (sodium and potassium) contributes 15% to the total sum of the major cations (Table S2 ). Alkalinity contributes nearly 75% to the total sum of anions, and sulfate contributes 22% to the total sum of anions, on average (Table 3) . Thus, sulfate and alkalinity account for most ($97%) of the total sum of anions. The contribution of fluoride (0.96%) and chloride (2.10%) to the total sum of anions was minor and accounts for most of the remainder, since that of nitrate contributed on average 0.47%.
Bicarbonate (HCO 3 ) is the dominant inorganic carbon species, contributing 85% to the total DIC followed by dissolved carbon dioxide (CO 2 /H 2 CO 3 ) and carbonate (CO 3 ) in the surface water. The river water was supersaturated with carbon dioxide (pCO 2 ) in Terai, Siwalik and the lower middle mountains region (LNS-1 through LNS-7) around the pre-monsoon period (February to May), elsewhere, a mixed picture is observed, with partly under-saturated conditions at sites LNS-8 through LNS-16 (Table S1 ), probably because sea level air pressure was assumed for the calculation. Results suggest that excess-CO 2 degassed rapidly in the steeper parts of the catchment, as river water in general supersaturated with respect to CO 2 (Kempe, 1982; Raymond et al., 2013; Lauerwald et al., 2015) . Notable are relatively high pCO 2 values around stations LNS-5 to LNS-7, which correlate with a low pH (Table S1 ), which on average affects the calculation towards an overestimation (Abril et al., 2015) . Therefore, the interpretation will be conducted qualitatively.
Spatial variability: elevational gradients by season
In the post-monsoon season, water temperature shows a clear decreasing trend with increasing elevation from the base of the Himalaya to the higher elevation sites in the high Himalaya within the Langtang valley ( Figure S1a ). The pH was in general between $7 to 8 during the postmonsoon and the monsoon season, indicating that the surface water is slightly alkaline along the entire Langtang Narayani river system during those seasons. However, the water became slightly acidic during the pre-monsoon season below station LNS-7 ( Figure S1b ). EC ranged from 116 mS cm À1 to 667 mS cm À1 along the Langtang Narayani river system (graph not shown because it was measured only during fall).
SS concentrations show a decreasing trend with increasing elevation during the monsoon season ( Figure S1c) , which is in contrast with the pre-monsoon and the postmonsoon season with in general low concentrations. DOC concentrations did not show any clear trend with elevation if data for each season are considered. At higher elevations, pre-and post-monsoon season values are higher than during monsoon time. DOC fluctuates typically between 1 and 3 mg L À1 for almost all sites except site (LNS-10) which had 2 to 5 times that value during the pre-and post-monsoon season ( Figure S1d ). Seasonality of TDN shows no clear trend with elevation, but higher values during the postmonsoon period in the lower reaches ( Figure S1e) . Dissolved Si shows a strong relationship with elevation along the entire river system for all seasons, with elevated concentrations in the higher areas during the non-monsoon time compared to the monsoon season, but with a mixed seasonal picture in the lower parts of the basin ( Figure S1f) .
The sum of anions shows an increasing concentration trend with decreasing elevation, with partly less pronounced trends, or no clear trend, for single anion species and different seasons (Fig. 2) . Alkalinity shows a clear increasing trend towards lower sites for all seasons with some scattering at Middle-Mountain sites LNS-5 and LNS-6, where also a step-like increase in sulfate concentration can be observed. The strong increase in alkalinity in the lower areas indicates their relevance for alkalinity production. Fluoride concentrations are high with considerable variability in the Siwaliks, Middle and High Mountain sampling sites. Chloride, nitrate, and sulfate had highest concentrations during the pre-and post-monsoon season at low elevations. However, in high-elevation sites, the seasonal difference is small or not clearly present, and no clear trend can be observed there (Fig. 2) . Nitrate lacks a systematic trend, but elevated concentrations are observed during non-monsoon seasons at the lowest elevation. Sulfate shows a clear seasonality and with locally elevated values at the Middle Mountain sites LNS-5 and LNS-6, particularly during the pre-and post-monsoon seasons.
Among the base cations (Fig. 3) , sea-salt corrected sodium * Na shows the most pronounced seasonality pattern along the entire drainage network, with more than a five-fold lower concentration during the monsoon season than during the pre-and post-monsoon seasons. During the monsoon-season no dilution effect is observed for * K, but in the opposite, elevated concentrations at the lower sites (LNS-1 to LNS-5). Magnesium, and calcium have similar elevational trends for all seasons, interrupted at the Middle Mountain sites (Fig. 3 ) and show only a small dilution effect during the monsoon season at the lower reaches (LNS-1 to LNS-4).
The contribution from marine aerosols to major ions are $19.7% for sodium, 1.2% for magnesium, but are negligible for potassium, calcium and sulfate, while the contribution varies with elevation in a not clear, systematic way (Table S2) .
The sum of base cations represent an average of the increasing trend with decreasing elevation, with monsoon values lower in a similar manner observed for Na for the silicate derived cations * Sbcat sil , while seasonality is less expressed for cations from carbonate weathering * Sbcat car (Fig. 3) .
Temporal variability: time series by elevation range
Time series, including interpolations during Nov 2010-Nov 2011, corresponding to four selected elevation sites along the Langtang Narayani river system are presented in Figure S2 , Fig. 4 and Fig. 5 
(LNS-1 represents Terai, LNS-4 represents Siwaliks, LNS-7 represents Middle
Mountain, and LNS-11 represents High Mountain). To put the interpretation of concentration patterns in the context of seasonal discharge variation, it should be noted that discharge at all three stations with monitoring data (LNS-1, 4 and 7) decreases from around August/September till April (strongest decrease between August and November) and starts to rise from around May till August with high discharge levels till September.
The pH shows a decreasing pattern towards March 2011, while recovering during the monsoon and postmonsoon season, except for one unusual low value for LNS-7. SS shows a strong increase during the early monsoon season for all stations and prolonged elevated concentrations for the lowest site LNS-1 until September. DOC and TDN show a decreasing pattern until March 2011 for the two lowest sites and then increasing concentrations during the late pre-monsoon and monsoon season ( Figure S2d e). TDN shows an unusually high value in April at LNS-1, which is only in part replicated by NO 3 changes. This lowest sampling site shows in general higher TDN concentrations compared to the others, which is not the case for DOC (Figure S2d-e) . Dissolved Si shows a decreasing pattern from January towards the monsoon season, while recovering in during the monsoon and post-monsoon season, with exception of the highest site LNS-11, showing a delayed recovery. There appears to be an increasing concentration pattern towards lower elevations in general for dissolved Si ( Figure S2f) .
Alkalinity is low during the monsoon season, with exception of LNS-1 (Fig. 4) . The alkalinity concentrations of LNS-1, the lowest elevation sampling location, are distinguishably higher than for the other sites in Fig. 4 throughout the year. F shows the highest concentrations at high elevation during the year, with exception of two data points, and a decreasing trend towards the monsoon season for all stations. Cl, NO 3 , and * SO 4 at LNS-1 are clearly higher than at the other sampling sites in the premonsoon times and for * SO 4 during the year with exception of June (Fig. 4) .
Sodium shows a comparable pattern for all stations, remaining high during post-monsoon and pre-monsoon and dropping quickly in April/May before the onset of the monsoon considering the discharge records.
* K shows a similar trend to * Na, except that after the decline in the early monsoon, there is a large concentration pulse (temporal increase) in the middle of the monsoon season for all stations. This pulse is less evident at the high elevation site, suggesting a common process affecting the * K concentration at low to middle elevations during peak discharge time and not causing a dilution effect as observed for * Na. For the cations contributing mostly to the carbonate weathering fluxes ( * Mg and * Ca) at LNS-1 a comparable concentration pulse can be observed, while dilution might be expected during this period in the monsoon time. This pattern is not observed for the higher sites.
At LNS-1 the observed pulse-like increase in Ã Sbcat car towards August from carbonate weathering exceeds clearly with about 1,000 lmol L À1 relative to the lowest value in June those from base cations Ã Sbcat sil contributed from silicate weathering with around 150-350 lmol L À1 due to increase in * K (depending if choosing May or June as reference point for the increase). For LNS-1 concentrations of * Mg and * Ca are clearly higher on average than at the other sampling sites during the entire year and comparable to the sum of alkalinity and * SO 4 . In general, the contribution from silicate weathering ( Ã Sbcat sil ) follows a pattern driven by * Na, * K, and * Mg, whereas contribution of carbonate ( Ã Sbcat car ) follows the more dominant pattern of * Ca (Fig. 5 ).
River water flow and fluxes
River discharge shows the typical seasonal pattern for the region (Fig. 6) . Peak monsoon discharge with respect to lowest pre-monsoon discharge is $8 times larger at Q3, $30 times larger at Q2, and $50 times larger at Q1 (locations in Fig. 1) . Therefore, the seasonal change in discharge is much more marked at lower elevations than at higher elevations (Fig. 6) . Discharge increases at the lower elevation sites are due to inputs from various tributaries such as Kali Gandhaki, Budi Gandhaki, Seti, Bhote Koshi, and Marsyandi. Peak daily flow during the sampling period is 30, 1,143, and 8,607 m 3 s À1 for Q3, Q2, and Q1 respectively. At the Langtang Middle Mountain gauging station (Q3), the average monsoon discharge during the study period was $20.6 m 3 s À1 and 6.3 and 5.1 m 3 s
À1
, respectively, in the post-monsoon and pre-monsoon season. In the Siwaliks section at the Trishuli gauging station at Betrawati (Q2), the average monsoon discharge was $416 m 3 s
followed by 57 and 51 m 3 s
, respectively, in the post-monsoon and pre-monsoon season. In the lower Terai plain at the Narayani River gauging station at Narayanghat (Q1), the average monsoon discharge was 3,426 m 3 s À1 followed by 350 and 290 m 3 s À1 in the postmonsoon and pre-monsoon season respectively. SS, DOC, TDN concentrations increase with runoff, while less clear for DOC and TDN at LNS-1 (Figure S3 ), while dissolved Si, anions and cations show in general a typical decreasing concentration with increasing runoff, with exception of NO 3 and Cl at LNS-4 and LNS-7 and less clear for * Mg and * Ca at LNS-7 ( Figure S3 , Fig. 7 and Fig. 8 ). As observed above, * K shows for elevated runoff a higher concentration than would be expected from a dilution process (Fig. 8) , which is also found for * Ca and * Mg at LNS-1.
We estimated D w for Si, base cations, sum of base cations (addressing cations originating from carbonate and silicate weathering separately), anions, and sum of anions (Table 4) . Dissolved Si has the largest D w value of 4.08 m/yr for LNS-1 which has a significant p-value of <0.02 and a standard error of 1.42.
At all stations, D w values for ions or alkalinity originating mostly from carbonate weathering are higher than for * Na and * K contributing to silicate weathering flux. Cl and NO 3 tend to have relative low D w values at each station compared to chemical species derived from weathering processes, while not always the D w is statistically significant at p = 0.05.
Most of the estimated D w parameters are characterized by significant p-values (p < 0.05), with exception of those with no clear decreasing discharge dilution trend for increasing runoff, as for example NO 3 , Cl, K, Ca, and alkalinity at different sampling locations (Table 4 , Fig. 7 and Fig. 8) . Figure S5 ).
Flux versus specific discharge analysis show progressively increasing fluxes relative to the increase in runoff, with some exceptions due to clear dilution behavior with increasing runoff as shown above ( Figure S4, Fig. 9 and Fig. 10) . Most of the measured parameters showed highest fluxes at LNS-1 followed by LNS-4 and LNS-7 except for nitrate ( Figure S4, Fig. 9 and Fig. 10 ).
Annual export of measured chemical parameters
Annual area normalized exports of solutes (Table 5) showed highest rates at the low elevation site Narayanghat (Q1, LNS-1), and lower exports at station Q2 (LNS-4) and Q3 (LNS-7), in general. However, DOC export rates are somewhat higher at the mid-mountain site LNS-4 than at the lower site LNS-1 (Table 5) .
Annual export rates for most parameters were highest during the monsoon season, while the annual contributions from the post-monsoon and pre-monsoon seasons were in general comparable to each other (Table 5 ). Of the major chemical species * Na is an exception, with lower export rates during the monsoon season compared to the two other seasons at the highest discharge monitoring site Q3 (LNS-7). The monsoon period is most relevant for the parameter SS, as the monsoon season contribution to the annual fluxes are $99%, 98%, and 97% for Q1, Q2, and Q3, respectively. At Q1, the monsoon contribution to the export rate is above 70% for most dissolved parameters (exceptions are Cl and * Na, and NO 3 , with only $20%; Table 5 ). A lower contribution of the monsoon fluxes to the annual export rate is observed at the stations Q2 and Q3 compared to Q1, on average.
DISCUSSION
General patterns
Many of the measured parameters showed an increase in concentrations with decreasing elevation along the river system, with a break at LNS-5 (1,419 m asl) and LNS-6 (1,434 m asl) because of the mixing of the Bhotekoshi with the Langtang at Syabrubenshi (Figure S1, Fig. 2 and Fig. 3 ). These sites (LNS-5 and LNS-6) situated at the MCT region where pCO 2 is comparatively high, and correlated with elevated levels of sulfate, calcium and alkalinity and lower pH (Table 3 and Table S1 ). Latter observations were previously linked to sulfide oxidation and carbonate dissolution, while from sub-catchments metamorphic CO 2 may contribute to the observed alkalinity fluxes (Galy and France-Lanord, 1999; France-Lanord et al., 2003; Evans et al., 2008; Wolff-Boenisch et al., 2009; Bhatt et al., 2016) .
DOC concentration did not show a clear elevation trend, but elevated values occurred at a landslide site location, LNS-10. The DOC concentration, in general <250 lmol L
À1
, is below the average of the median of , but closer to the 257 lmol L À1 if only catchments with elevation above 500 m (n = 2,217) are selected (Hartmann et al., 2014) . The export rates of DOC from the Middle Mountain area and low elevation sites were 3.33 and 2.62 tons km À2 yr
, respectively and higher than that of some North American River basins, but lower than that of small tropical mountain rivers in Panama (Lauerwald et al., 2012; Goldschmidt et al., 2015) . Global DOC fluxes vary in general between 0.1 ton C km À2 yr
and 14 tons C km À2 yr À1 (Aitkenhead and McDowell, 2000) .
Human population density and activities such as agriculture may have some impact on low elevation hydrochemistry, and specifically TDN concentrations during post-monsoon season from LNS-1 to LNS-4. This is not reflected in the nitrate concentrations, with exception of lower N-values at LNS-1, suggesting elevated contributions from DON (not measured) or ammonium. Livestock activities may have some impact on high elevation sites relative to the middle section of the basin (Collins and Jenkins, 1996; Bhatt et al., 2009) , and nitrate or TDN levels are within the global range of elevated catchments (compared with GLORICH data in Hartmann et al., 2014) .
Geogenic controls
The sea-salt contribution of sulfate is small along the drainage network, suggesting that most sulfate is from geogenic sources along the studied drainage network (Galy and France-Lanord, 1999; . The oxidation of pyrites produces sulphuric acid and dissociates into sulfate and protons, while iron is precipitated as iron (III)-hydroxides/oxides, e.g. (Drever 1988) :
In the presence of produced sulphuric acid from pyrite oxidation, the weathering rate can be enhanced and CO 2 -fluxes into the critical zone can have locally less influence on weathering fluxes:
The annual basin export ratios of alkalinity to sea-salt corrected sulfate is 5.7 for the study area and the exported sulfate equivalents are as high as the base cation equivalents from silicate weathering (98%), because of the high calculated carbonate to silicate weathering ratio. Therefore, an idealized silicate CO 2 -consumption rate of the basin assuming that silicate derived base cations are counterbalanced by alkalinity would compensate for the pyrite oxidation in the studied central Himalaya region (c.f. Galy and FranceLanord, 1999) . This finding could be extended by seasonal analysis of sulfur isotopes to test the proposed contribution of sulfur oxidation to weathering fluxes. In general, the oxidation of sulfides can be relevant for weathering rates of affected basins (e.g., Calmels et al., 2007) . Sulfide oxidation can also be a cause for substantial CO 2 -degassing from the water (Torres et al., 2016 (Torres et al., , 2017 . Note that clearly elevated pCO 2 values can be observed below station LNS-7 (Fig. 12a) , spatially correlated with an increase in sulphate concentration and drop in pH. The observed step like change in water chemistry appears when the river enters the Lesser Himalayan sediment area below LNS-7. This region crosses the MCT after mixing with the Bhotekoshi at Syabrubensi. Its basin contains a significant proportion of sulfide bearing minerals and carbonates (e.g., Galy and France-Lanord, 1999; Bhatt et al., 2009) . The dominance of calcium, sulfate and alkalinity along the drainage network supports the model that sulfide oxidation coupled with carbonate dissolution are dominant geochemical processes for weathering flux production (Galy and FranceLanord, 1999) . In addition to these processes, higher concentrations of major solutes particularly within the MCT region attributed to metamorphic activities and the presence of hot springs and changes in lithology were reported (Evans et al., 2008) . The latter study described the presence of numerous hot springs discharging into the flowing streambeds at the foot of the high Himalaya near the MCT region. Evans et al. (2008) found that the Himalayan metamorphic processes provide a source of CO 2 , which is larger than the consumption of CO 2 by Fig. 10 . Flux vs. specific discharge (runoff) for major cations. Shown for each station, are the fit of the Maher and Chamberlain equation (curves) and the straight lines corresponding to the C max or thermodynamic limit. Table 5 Annual river runoff and export of water constituents for each of the three stations with discharge data. Percentage of runoff and export by season is also reported for each station. weathering of Himalayan basins. The drop in pH towards the MCT region is therefore not only affected by sulfide oxidation but also by geogenic CO 2 sources linked with metamorphic activities. Their contribution could not be quantified here, and some of the excess CO 2 may degas.
While sulfide oxidation appears within the whole drainage basin, the influences of metamorphic processes seem locally or regionally constrained (c.f., Evans et al., 2008) . The sum of sea-salt corrected sulfate and alkalinity equivalents has a quasi 1:1 linear relationship with the sum of sea-salt corrected calcium and magnesium equivalents (R 2 $ 1 for all seasons in Fig. 11a) , which supports the interpretation.
The relatively higher contribution of chemical weathering rates from carbonates is in accordance with previous reports suggesting a dominant role of carbonate weathering over the silicate weathering in the Himalayan landscape (Table 5, Sarin et al., 1989; Bhatt et al., 2000; Dalai et al., 2002; France-Lanord et al., 2003; Wolff-Boenisch et al., 2009 ).
Seasonal dynamics
Some measured chemical species along the drainage network exhibit seasonal changes in concentration. In general, lowest concentrations of dissolved species are observed during the monsoon season, due to dilution, whereas higher concentrations occur in the pre-monsoon and postmonsoon seasons. Unlike dissolved chemical species, suspended sediment was highest during the monsoon season; high sediment transport and erosion rate from the Himalayan catchment is known to occur during the intense Asian monsoon (Bookhagen, 2010) . Roback et al. (2018) pointed out that not all the landslide materials reached the stream channel after a seismic event, but a relevant amount is transported later, especially during the monsoon.
Seasonality of major dissolved species can be summarized using the sum of cation and anion patterns. Besides the seasonal dilution concentration cycle, the concentration rise and decline of dominant species (i.e., Alk, * SO 4 , * Ca, * Mg, Si) around August, during the monsoon season, represents a monsoonal concentration pulse, which is probably related to the mobilization and drainage of soil-rock water with elevated concentrations. This pulse must be high enough to compensate for a dilution effect during high flow conditions. Some of the fluids being mobilized may be due to enhanced landslide activity (c.f. Jin et al., 2016) within the Himalayan landscape during wet monsoon periods (Gabet et al., 2004) , adding to elevated weathering fluxes during this season.
Concentration-discharge relationships
All three gauging stations (Q1, Q2, and Q3) showed strong discharge seasonality affecting the seasonality of Comparison of runoff versus sum of base cation (Sbcat) load of Q1, Q2, and Q3 with the average of major rivers of the world. Q1, Q2, and Q3 represent discharge measurement sites at Narayani river at Narayanghat, Trishuli river at Betrawati and Langtang river at Syabrubenshi respectively (Fig. 1). the concentrations and fluxes. The high D w value at LNS-1 is consistent with elevated concentrations during the monsoon time when compared to other sites. Catchments with higher D w values, such as those in rapidly eroding mountains, can be interpreted to be more efficient at generating solutes and elevated C max concentration (Maher and Chamberlain, 2014; Ibarra et al., 2016) .
The variability of estimated values of coefficients C max , D w for calculated * Sbcat car and * Sbcat sil is modest relative to the estimated values for each discharge station ( Figure S5) . Estimated values of coefficient C max are significantly different among sampling locations, showing an increasing trend with decreasing elevation for both silicate and carbonate related cation contents. However, the coefficient D w differs when comparing silicate or carbonate weathering products. For silicate * Sbcat sil , the values of D w are similar for LNS-1 and LNS-4 but these two are different from LNS-7. Contrastingly, for carbonates * Sbcat car , D w values are similar for LNS-4 and LNS-7 but these two are lower than that for LNS-1 ( Figure S5 ).
The Si-D w value for LNS-1 is 4.08 m/yr higher than the mean Si-D w value of 3.47 m/yr identified for basaltic catchments and much higher than the mean Si-D w value of 1.49 m/yr for granitic catchments (c.f., Ibarra et al., 2016) , suggesting intense weathering at the base of the Himalaya with respect to silica mobilization. Higher D w values at the base of the Himalaya for both * Sbcat car and * Sbcat sil ( Figure S5 ) are probably due to the combination of higher reaction rates and flow paths properties (Maher and Chamberlain, 2014) . Intense weathering reactions in these areas are due to favorable climatic conditions, reactivity of minerals and hydrologic properties of the soil-rock system at the lower elevation region.
Elemental ratios of weathering products
In order to further interpret weathering controlling factors, we calculated several ratios and relationships among weathering products. The molar ratios of * K/ * Na, * Mg/ * Na and * Ca/ * Na show seasonal patterns (Fig. 11 b, c, and d, respectively) with elevated ratios during the monsoon across the elevation range. This reflects that during the wetter conditions Na concentrations were more diluted (compare Fig. 11 with Fig. 3 ) and that this dilution effect was weaker or absent for the other three elements, dependent on timing. The declining ratios of ( * Ca/ * Mg) towards low elevations in the Langtang-Narayani river system is caused by a stronger increase in Mg-concentrations (Fig. 11e) . Using an exponential model y ¼ y 0 expðÀkxÞ þ y min , the molar ratio of * Ca/ * Mg (variable y) decreases with increasing * Mg concentration (variable x) with a higher decay constant (k = 0.04) for the post-monsoon season compared to the pre-monsoon (k = 0.01) and monsoon period (k = 0.01) (Fig. 11f) . This suggests that mobilization of * Ca and * Mg might be differently affected by seasonal controls. An additional process to partly explain the decreasing pattern in the * Ca/ * Mg ratio towards lower elevation sites is instream calcite precipitation as was suggested for the Himalayan drainage network (Galy and France-Lanord, 1999; Dalai et al., 2002; Bickle et al., 2018) .
There is a seasonal variation of the ratio of dissolved Si to sum of sodium and potassium after sea-salt correction along the river system, suggesting a seasonal control on incongruent release rates of Si versus K and Na from the system, when the monsoon and post-monsoon periods are compared with the pre-monsoon period (Fig. 12b) . This may be due to differences in mobilization processes, and sources of dissolved silica in the river. For example, silica is also mobilized from the soil system, as silica can accumulate in the upper soil horizons significantly via the biological pump (Struyf and Conley, 2011) .
Chemical weathering and physical erosion
High export rates of weathering products from river systems originating in the central Himalaya are due to high runoff and steep relief ($4 km elevation drop in $150 km distance). This is evident in the high suspended sediment flux ( Figure S4 , Table 5 ), with its strong runoff dependency due to seasonal control. The relationship between physical erosion based on SS and silicate chemical weathering fluxes is ambivalent. For example, a linear regression between dissolved Si concentration and SS concentration shows modest R 2 and statistically significant trend (R 2 = 0.6 and p < 0.0004) during the monsoon but much weaker and lacking significance for other seasons (Fig. 12c) . In general, there is a dilution trend with increasing runoff for the sum of silicate cations (Fig. 8) , while the opposite occurs for the suspended matter based calculated erosion rate. Therefore, the mobilization of silica and silicate cations seems to be decoupled during the monsoon season to some extent.
However, most dissolved fluxes stem from carbonate weathering and the long-term effect of erosion on weathering fluxes is due the sedimentation of reactive material in the lower reaches of the basin.
Runoff control
Intense precipitation during the monsoon season controls discharge (Fig. 6 ) and the chemical composition and fluxes of measured parameters via runoff . Precipitation enhances physical erosion rates and supply sediments to the fluvial networks and the lower reaches (Bookhagen, 2010; Roback et al., 2018) . These results suggest that precipitation patterns and runoff, in combination, represents a dominant regulator of weathering rates within the central Himalaya for the recent time scale (Fig. 12d, e) . Similar results were reported earlier from the same region (France-Lanord et al., 2003; Tipper et al., 2006; Gabet et al., 2008; Bickle et al., 2018) and from other basins of the world (White and Blum, 1995; Gaillardet et al., 1999) .
Comparison of weathering rates with largest rivers of the world
Annual dissolved silica and cationic export rate, and runoff from Q1 and Q2, are relatively high when compared with the world's large rivers (Table 6 , Fig. 12d, e) , while data for Q3 are relatively close to world average values.
The dissolved silica export rate resulted comparable with that documented by France-Lanord et al. (2003) in the same region (except some catchments within the Annapurna basin, which have much higher export rates, up to 105 tons km À2 yr À1 ). The Ganga-Brahmaputra Himalayan river system ranks first in terms of sediment transport to the ocean on a global scale (Milliman and Meade, 1983; Sarin et al., 1989) . Milliman and Syvitski (1992) reported about 20 billion tons of sediment transported by rivers annually to the world oceans before the construction of dams in the latter half of this century. As shown in Table 5 we calculated 1,611 tons km À2 yr À1 from the Narayani at Q1, which yields 51.2 million tons per year from our study area. This sediment transport rate is slightly higher than for other mountain river systems in the region such as Narmada (1,400 tons km À2 yr
À1
) and Damodar (1,400 tons km À2 yr À1 ) in India. Moreover, the export rate at Q1 is significantly higher than for the larger Himalayan river systems such as the Brahmaputra (890 tons km À2 yr
) and the Ganga (530 tons km À2 yr
) as reported by Subramanian and Ittekkot (1991) and Milliman and Syvitski (1992) , and is 10.7 times higher than the world average rate (Milliman and Meade, 1983) .
CONCLUSIONS
Spatiotemporal variability of controlling factors on major solutes was studied for the Langtang-Narayani river system. For this purpose, trends with elevation and the influence of seasonality on the annual export rates were evaluated. Lower elevations showed higher weathering rates while at the same time the system is fed by new sediments from the higher elevations. Carbonate weathering is dominant, and the potential amount of sulfide oxidation may equal idealized silicate CO 2 -consumption.
During the monsoon season (the period responsible for the export of most of the matter) no clear dilution effect lasting the whole season for the most important weathering products, alkalinity, * SO 4 , * Ca and * Mg, was identified for the lowest sampling sites. Rather, we observed a pulse like Table 6 Comparison of the cationic and silica flux rate of the Langtang Narayani basin with large river basins of the world sorted by runoff. World average data from Livingston (1963) ; Brahmaputra, Ganga, Indus, and Yamuna data from Sarin et al. (1989) ; and other major river data from Meybeck and Ragu (1997) and Gaillardet et al. (1999 increase in concentrations during the middle of the monsoon season. This suggests that the monsoon season accelerates the mobilization of the dominant weathering products in the lower reaches, the location with the highest weathering rates. Therefore, it will be interesting to study how seasonality patterns and their variability affect longterm weathering fluxes. Specifically, to consider climate change and processes such as landslide mobilization, soilrock water mobilization as a pulse-like mobilization during wet seasons or areas of pyrite oxidation and mobilization of their products.
